Abstract: A descriptive temporal model was used to evaluate the flow of macronutrients (N, P, K, Ca, and Mg) between the forest canopy and incident precipitation for the Lake Clair Watershed (LCW) located in the northern hardwood forest region of Quebec, Canada. The model also quantified the resorption mechanism. Wet precipitation, throughfall, foliage, and litter fall data for 1997 were used to quantify the following: (1) dry deposition intercepted by forest cover (0.38, 0.07, 0.07, and 0.03 kg·ha -1 for Ca, K, Mg, and P, respectively); (2) leaching from foliage (1.81, 6.46, 0.48, and 0.13 kg·ha -1 for Ca, K, Mg, and P, respectively); and (3) foliar resorption (N = 65%, P = 65%, K = 42%, Mg = 30%, and Ca = 10%). Foliar N, P, and K pools increased after bud break and remained constant until midSeptember when they decreased rapidly. The foliar Ca pool increased until leaf fall, while the foliar Mg pool reached a maximum in early July and decreased slowly until leaf senescence. Phosphorus, K, Ca, and Mg were leached from the canopy whereas N from wet precipitation was retained by the canopy. The relatively high Mg and Ca resorption rates are consistent with the low soil Ca and Mg availability reported at the LCW. Consideration of leaching and dry deposition, as well as the temporal dimension, demonstrated the importance of each of these parameters for increasing the accuracy of the foliar nutrient resorption estimates. pour Ca, K, Mg et P respectivement) et (3) la résorption foliaire (N = 65%, P = 65%, K = 42%, Mg = 30% et Ca = 10%). Le réservoir du feuillage en N, P et K augmente jusqu'à la mi-septembre pour ensuite diminuer rapidement. Le réservoir en Ca augmente après le débourrement et demeure constant jusqu'à la chute des feuilles alors que celui en Mg atteint un maximum au début du mois de juillet et diminue lentement jusqu'à la sénescence des feuilles. Le P, K, Ca et Mg sont lessivés du couvert forestier alors que le N déposé par les précipitations est absorbé par ce dernier. Les taux relativement élevés de résorption de Mg et Ca, en accord avec la faible disponibilité de Mg et Ca dans le sol de ce bassin versant, démontrent l'importance de considérer le lessivage foliaire, les dépôts secs ainsi que la dimension temporelle afin d'accroître la précision de l'évaluation de la résorption foliaire.
Introduction
Foliar nutrient resorption is an important component of nutrient cycling dynamics in northern hardwood ecosystems. This type of resorption involves the movement of inorganic or organic substances from senescing leaves and the subsequent transportation of these substances to surviving tissues (Killingbeck 1986 ). This process plays a primary role in nutrient conservation by deciduous tree species because nutrients following this pathway are not lost through litter fall.
Published studies of resorption have assessed the impact of species (Killingbeck 1985; Escudero and del Arco 1987; Jonasson 1990; Escudero et al. 1991) , successional stage (Ryan and Bormann 1981; Gholz et al. 1985; Potter et al. 1987; Baker and Attiwill 1985; Helmisaari 1995; Lodhiyal et al. 1995) , and site characteristics (Fife and Nambiar 1982; Chapin and Kedrowski 1983; Stachurski and Zimka 1975; Staff 1982; Nambiar and Fife 1987; Del Arco et al. 1991 ) on nutrient fluxes from leaves to twigs. However, few studies have considered foliar resorption at a stand level in natural ecosystems. These studies have been limited to conifer ecosystems (Helmisaari 1992a (Helmisaari , 1995 or sampling during autumn senescence (Ryan and Bormann 1981) .
Nutrient losses from the foliage pool can arise from three principal pathways: litter fall, leaf leaching, and resorption. The relative size of these fluxes has a direct impact on nutri-ent conservation by trees (Chapin 1980) . Estimation of leaf leaching requires accurate quantification of the interactions taking place in the tree canopy. Previous studies showed that an important part of atmospheric inorganic N deposition may be retained within the forest canopy (Neary and Gizyn 1994; Dillon and Molot 1990; Houle et al. 1999a ). In contrast, the flux of base cations (Ca, Mg, and K) is generally much higher by throughfall than by incident precipitation. The flux enrichment can originate from washing off of dry deposition from the canopy or from internal leaf leaching. It is important to distinguish these two sources of enrichment because dry deposition represents an input to the ecosystem, while leaf leaching is an intrasystem transfer resulting in nutrient losses from the foliage pool. Intensive field measurements are necessary to accurately quantify resorption and produce accurate nutrient budgets.
The soil at the Lake Clair Watershed (LCW) experimental station is characterized by low levels of exchangeable Ca and Mg, resulting partly from the granitic origin of the local till and significant soil leaching of these cations (Houle et al. 1997) . Moreover, Houle et al. (1997) mentioned that the reservoir of exchangeable cations at the LCW was one of the lowest of 17 forest sites participating in the "Integrated Forest Study." The site also receives very low amounts of Ca through atmospheric deposition. Previous studies have shown that resorption may be important on any nutrient-poor site (Stachurski and Zimka 1975) . These considerations suggest that resorption in the stand of LCW may be an important mechanism that would minimize nutrient losses.
The main objective of this study was to quantify the annual resorption of macronutrients (N, P, K, Ca, and Mg) for the LCW within the context of an intensive measurement study. To reach this aim, the seasonal patterns of foliar growth, precipitation, throughfall, and litter fall were quantified to assess their influence on seasonal nutrient fluxes in the resorption process. We evaluated the hypothesis that the resorption of basic cations must be quantitatively important to minimize nutrients losses given the low availability of exchangeable basic cations in the soil.
Materials and methods

Study area
The study was carried out at the Lake Clair Watershed (LCW,  226 3.1 for organic layer) and poor in available Ca and Mg (Houle et al. 1997) . The stone content lies between 25% (Houle et al. 1997) and 40% (C. Camiré, recent observations). The stand is uneven aged and dominated by sugar maple (Acer saccharum Marsh.) in association with yellow birch (Betula alleghaniensis Britt.), and American beech (Fagus grandifolia Ehrh.) (basal area of 21.4, 3.0, and 3.2 m 2 ·ha -1 , respectively, for diameter at breast height (DBH) >9.0 cm), with a total basal area of 28 m 2 ·ha -1 . Dominant and codominant sugar maple trees are 85-130 years old, with an average height of 20 m and DBH of 28 cm. The watershed was selectively harvested in 1948. Since the early 1980s, there has been evidence of sugar maple decline (missing foliage, leaf necrosis, hasty leaf fall) (Gagnon and Roy 1993) . The general severity of the maple decline in terms of foliage loss has been estimated to be 16-25% (Gagnon and Roy 1993) . Beech represents 80% of the regenerating pole size stratum (1.1 cm < DBH < 9.1 cm, 2300 stem/ha, mean height 3.1 m; 1993 survey), while sugar maple represents 5% (156 stem/ha), and yellow birch represents 8% (232 stems/ha).
Sampling
Foliage of the three dominant tree species was sampled periodically throughout the 1997 growing season, using a foliar sampling method adapted from Ellis (1975) . In early March 1997, 30 trees were randomly chosen in close vicinity of the study plot and tagged for repeated sampling. Tree selection was based on the relative basal area of tree species in the monitoring plot (20 maples, 5 beeches, and 5 birches). Twice a month during the 1997 growing season (April 15 to October 15), two twigs of about 1.25 cm in diameter were collected with telescopic shears from the second or third quarter of each crown height. All leaves or leaf primordia were immediately manually stripped from each twig, counted, dried at 60°C, and weighed. Samples from the same tree were then pooled, grounded to 500 µm, and a subsample was taken for chemical analysis.
Wet-only and bulk precipitation were collected weekly in 1997 at the center of a forest clearing (1 ha wide) located at the catchment boundary, using an automatic wet-only collector and 2-L plastic bottles (n = 2, 5 m apart), fitted with 577-cm 2 plastic funnels. Throughfall was sampled weekly in the study plot, using 36 collectors at 1.5 m height, which were systematically distributed every 10 m within a 40 m × 90 m grid (four rows of nine collectors). The collectors consisted of 2-L plastic bottles fitted with 577-cm 2 plastic funnels. During the winter months (January to April and November to December 1997), bulk precipitation and throughfall collectors were replaced, respectively, by two and twelve 708-cm 2 pails for snow collection. At each sampling date, the throughfall collectors were cleaned with demineralized water and samples were pooled prior to analysis. A previous study showed that these samplers provide interception data that are in accordance with the literature (Houle et al. 1999a ). The spatial variability of throughfall in this stand has also been studied (Houle et al. 1999b) .
Litter fall was collected biweekly from August to October inclusively, with five 1-m 2 litter traps randomly distributed in the study plot. The traps consisted of a nylon mesh screen enclosed by a wooden frame (20 cm height to prevent loss of leaves), positioned 30 cm above the ground. At each litter sampling, leaves were sorted by species. Leaf dry mass of each species was determined prior to analysis. Six weeks of data were missing for precipitation (April 22 to May 13, June 16, and October 27) and 8 weeks for throughfall (April 22 to May 13, June 16, October 27, January 29, and February 4). However, the impact of these missing observations were considered negligible on the evaluation of resorption because they occurred when foliage was absent or when precipitation events and subsequent throughfall volumes were insignificant.
Laboratory analyses
Water samples were filtered (0.45 µm, Nucleopore) prior to the analyses, which were performed within 1-2 days after collection. Cations were occasionally fixed with ultrapure HNO 3 (final concentration, 0.5%), frozen, and analyzed 1-2 months later. Tissue samples were digested by the Kjeldahl method (H 2 SO 4 98%). Total N was measured by flow injection spectrometer (FIA, type Lachat AE), and other major elements (Na, P , K, Ca, and Mg) were measured by plasma emission spectrometry (ICP Jarrel Ash). Analyses for NO 3 -were done by ion chromatography (Dionex 2120) and analyses for NH 4 + were done by colorimetry (Technicon AA2). Certified standard reference (apple leaves No. 1515; pine needles No. 1575) were analyzed jointly to independently assess the quality of the analyses; the results were always within 5% of the certified value. 
Equations
The canopy is out of reach from the herbivorous mammals, and since 1988 no sign of pest infestation has been reported. For these reasons, we assumed that the net flux of nutrients from foliage to atmosphere, along with losses resulting from herbivores and foliar parasites, were negligible. Temporal estimations of nutrient fluxes were realized with the model shown in Fig. 1 . Measured temporal fluxes were wet and bulk precipitation, throughfall, and leaf fall, along with change in foliage content. Net canopy exchange, dry deposition, leaf leaching, and nutrient transportation from stems to leaves (accretion) and from leaves to stems (resorption) were estimated from a set of equations described below. Total deposition was the sum of wet and dry deposition.
Net accretion and resorption were calculated as follow:
where X t res is the flux of element X between twigs and foliage at time t (kg·ha -1 ), ∆leaf t is the change in foliar content of element X at time t (kg·ha ), and X t leach is the leaching or absorption of element X at time t (kg·ha -1 ). The change in foliar pool of an element X at time t was evaluated by the difference of the canopy foliar pool between two successive samplings:
where X t leaf is the foliar pool of an element X at time t (kg·ha -1 ). The foliar nutrient pools (X t leaf ) were estimated by summing, across species, the product of the average leaf concentration, mean leaf mass, and the total number of leaves for the species found in the litter traps in 1997: To evaluate leaf leaching, wet deposition (X wet ) was substracted from total throughfall (X tf ) to obtain the net canopy exchange (X nce ). Secondly, dry deposition was substracted from net canopy exchange to obtain leaching fluxes. Usually, the contribution of dry deposition to the net canopy exchange is estimated by subtracting wet precipitation from bulk precipitation. However, given the surface area of leaves, dry deposition of particulate measures to inert surface must be scaled for the full forest canopy. Here, a method based on throughfall measurements was used. Previously applied by some researchers (Gosz 1980; Gosz et al. 1983; Ulrich 1983; Beier 1991; Hultberg and Ferm 1995; Houle et al. 1999a ), this method uses measurements of Na + deposition as a model substance for dry deposition of particles: where X t dry is the dry deposition on the canopy surface of element X at time t (kg·ha -1 ), Na tf t is the total throughfall flux of sodium at time t (kg·ha -1 ), Na wet t is the wet deposition of sodium at time t (kg·ha -1 ), and X t wet is the wet deposition of element X at time t (kg·ha -1 ). In eq. 4, we assumed that foliar leaching of Na was negligible, as confirmed by Houle et al. (1999a) , for the stand under study. Considering foliage interception and the wide variety of N compound forms in the atmosphere (gaseous, particulate, and dissolved) (Johnson and Lindberg 1992) , the X/Na ratio method was not adapted for the evaluation of dry deposition of N. For this reason, bulk-precipitation N was considered as total N deposition.
The stemflow flux was considered negligible in the calculations because it accounted for less than 5% for every element considered, except for K for which it contributed to an estimated 9% (Houle et al. 1999a ). For every calculation, foliar and leaf litter samplings were reported on a weekly basis by dividing biweekly results in two equal parts. Subsequently, weekly results were linked to precipitation and throughfall volume to evaluate all parameters on a 1-week time step.
Annual budget and error estimation
The annual budget was determined by summing weekly data. The error associated with foliar sampling was assessed by evaluating the standard error of each sampling mean, and then by integration of the standard error in the calculation for each variable for every time step. This was done by respecting variance properties associated with the above equations. No error estimation could be applied to the single wet collector. Error estimation associated with weekly throughfall data was obtained from Houle et al. (1999b) . Finally, error estimates were calculated for the entire year with respect to variance properties (Zar 1974) .
Results
Foliar nutrient concentrations
Sugar maple, yellow birch, and American beech followed similar seasonal patterns of foliar nutrient concentrations (Fig. 2) . Nitrogen, P, K, and Mg concentrations reached a maximum at the end of May and slowly decreased until the end of the growing season. In contrast, foliar Ca concentrations reached a minimum early in spring and increased until leaf senescence. Concentrations of basic cations (K, Ca, and Mg) were highest in yellow birch.
Seasonal variation in the stand was similar for foliar N, P, and K pools (Fig. 3) . In 1997, buds began to break on the week of May 14, followed by a rapid increase of leaf nutrients until the mid-June, which then remained relatively con- stant during the growing season, and decreased rapidly after September 17. The stand foliar Ca pool increased until the end of the season, whereas the Mg pool reached a maximum early on the week of June 25, and then decreased slowly until leaf senescence.
Leaf litter fall
Litter fall began in August and was essentially completed by October 22 (Fig. 4) . Although abscission of maple leaves began earlier than for the other species, the process for all tree species ended at the same time at the end of October 1997. The greatest proportion of leaf fall occurred within 2 weeks, between October 2 and 20, during which the percentage of total foliar litter that reached the ground was 61% for maple, 90% for beech, and 80% for birch. Total leaf litter fall was 2.95 Mg·ha -1 (Table 1) . Twenty-six percent of the the leaves were sugar maple, but this represented 41% of total leaf biomass. Seasonal trends in leaf litter fall in 1997 were similar to those from 1990 to 1994 (Fig. 5 ).
Precipitation and net canopy exchange
Fluxes of P, K, Ca, and Mg in throughfall were greater than those in wet precipitation, particularly from June to October when foliage was present (Fig. 6 ). In contrast, there was 28% less N in throughfall than in wet precipitation during this period.
Temporal trends of estimated dry deposition and leaf leaching or absorption for N, P, K, Ca, and Mg are shown in Fig. 7 . The calculations indicate that dry deposition of these elements occurred throughout the year, and even during winter. On an annual basis, about 30% of the estimated total deposition of these elements (except N) was attributed to dry deposition.
Based on the difference between total deposition and throughfall fluxes, P, K, Ca, and Mg nutrients were leached from foliage whereas N was retained by the foliar canopy (Fig. 7) . A small enrichment of N in throughfall was observed only when low precipitation events occurred during the summer. Leaching and interception processes took place largely during the growing season when foliage was present, despite evidence of leaching during the winter months. On an annual basis, 57, 96, 59, and 68% of the total throughfall flux of P, K, Ca, and Mg, respectively, originated from canopy leaching. On an annual basis the canopy intercepted 14% of the N deposition, which is a conservative estimate considering that dry deposition is not accounted for in this estimation.
Based on the comparison of bulk and wet-only precipitation data, the interception of dry deposition by bulk collectors did not have a major influence on X/Na element ratios (Fig. 8) , as illustrated by the proximity of the linear regression line to the 1:1 line. Because of the lower ratios measured in bulk precipitation as compared with the ratios observed in wet-only collectors, the P, Ca, and Mg dry depositions were slightly overestimated. In contrast, dry deposition of K was slightly underestimated.
Foliar accretion and resorption
Weekly nutrient fluxes between leaves and twigs are illustrated in Fig. 9 . At the beginning of the growing season, nu- trients accumulated rapidly in leaves until the complete formation of foliage. An equilibrium was maintained during summer despite small fluctuations. Resorption into twigs began at the end of September and was active until the midOctober. Foliar N, P, and K were resorbed in greater proportion than Ca and Mg during the senescence period. Cumulative values in Fig. 9 indicate the total accretion (when positive) and resorption (when negative) flux between twigs in foliage. Net resorption flux was 65% of the maximum N leaf pool and 42% of the maximum P leaf pool.
Annual budget
The 1997 annual nutrient budget based on fluxes is presented in Table 2 . For P, Ca, and Mg, 25, 20, and 10% of the enrichment observed in throughfall flux was estimated to originate from dry deposition. In contrast, only 1% of the K enrichment was attributed to dry deposition. Canopy leaching of P, K, Ca, and Mg increased the throughfall flux from atmospheric depositions by 1.9, 18.6, 1.8, and 2.8 times, respectively. If leaching was taken into account, the estimated requirements for foliar production were, respectively, 0.99, 1.02, 1.25, 1.09, and 1.12 time greater than estimates not incorporating leaching losses ( Table 2 ). The requirement for annual foliage production (accretion) (kg·ha -1 ·year -1 ) was 72.3 for N, 5.4 for P, 31.9 for K, 22.8 for Ca, and 4.4 for Mg. Foliar resorption conserved a major percentage of nutrients, 65% N, 65% P, 42% K, 10% Ca, and 30% Mg. Less than 40% of the requirement for foliar accretion of N, P, and K reached the soil by litter fall. Calcium and Mg were the least resorbed nutrients, leaving, respectively, 84 and 59% of foliar requirement as litter fall.
Discussion
Representativeness of the results
The duration of senescence determines the amount of nu- trient resorption . However, it is influenced by environmental conditions. Even though the present study reports only 1 year of monitoring, we are confident that 1997 is representative of the general yearly trend, based on the timing of leaf litter fall (Fig. 5 ) and the annual nutrient requirement that has been determined over several years (Table 3 ). The annual requirement evaluated for 1997 is in the range of the annual requirement of the 1990-1994 period. As mentioned before, sugar maple at the LCW show signs of decline estimated to a maximum of 25% of foliage loss. These observation are consistent with the measured leaf litter fall. Only 41% of the total leaf biomass in litter traps originated from sugar maple trees while they accounted for 76% of the total basal area. However the total foliage biomass observed in this study is greater than values reported for other tolerant hardwoods (Table 4) , suggesting a greater leaf biomass from partner species. Consequently the foliage loss from sugar maple decline does not seem to have a major impact on the estimation of foliar resorption at the stand level except for specific differences associated to tree species.
Atmospheric deposition and canopy interaction
The X/Na ratio method separated the net throughfall flux of P, K, Ca, and Mg in two parts: leachate from the canopy and dry deposition on the canopy. Contrary to some reports, dry deposition may have a major influence on calculations of resorption (Chapin and Kedrowski 1983; Killingbeck et al. 1990 ). If dry deposition was not subtracted from net canopy exchange, leaching fluxes would have been overestimated by 23.1, 1.1, 21.0, and 14.6%, for P, K, Ca, and Mg, respectively, resulting in an overestimation of resorption. Particularly for Ca, the resorption would have been overestimated by 17% by omitting dry deposition estimates.
Nitrogen and phosphorus
Estimates of resorption based on changes in nutrient con- tent in foliage are essentially estimates of net resorption, rather than absolute resorption. For N, the net resorption flux accounted for 65% of the maximum leaf N pool. Dry deposition of N was not evaluated, causing an underestimation of total N deposition. This situation yielded a conservative evaluation of N interception and, consequently, a conservative evaluation of N resorption.
The results of this study demonstrated that the decline in pool size of N and P in senescing leaves was due more to resorption from leaves to stems than to leaching and litter fall loss. This corresponds to the general observation that N and P are not readily leached from leaves (Cole and Rapp 1981; Ryan and Bormann 1981; Parker 1983) and that N and P are proportionally more resorbed (Fife and Nambiar 1982; Staff 1982; Escudero et al. 1992) . At the LCW, the resorbed N and P pools can potentially supply the major part of the amount needed for production of new foliage in the following season. Nitrogen resorption varies from 21% in hard beech (Nothofagus truncata (Colenso) Cockaine) (Miller 1963) to 79% in larch (Larix laricina (Du Roi) K. Koch) (Chapin and Kedrowski 1983) . For P, resorption estimates vary from 7% in red oak (Quercus rubra L.) (Sampson and Samisch 1935) to 89% in eastern cottonwood (Populus deltoides Bart. ex Marsh. ssp. deltoides) (Baker and Blackmon 1977) . Methodological differences (including content vs. concentration data, degree of senescence when leaves were collected, and Note: Atmospheric deposition = wet deposition + dry deposition (estimated by Na + ratio method). Leaching or interception = wet deposition + dry deposition -throughfall. Foliar resorption = foliar accretion -leaching -litter fall. Net requirement = foliar accretion -foliar resorption = litter fall + leaching. Values within parentheses indicate standard error. ne, not evaluated. taxonomic and ecological differences) among studies that report N and P resorption, make it difficult to make more detailed comparisons with our results.
Base cations
The estimate of net resorption of Mg (30%) in our study is higher than reported values, which range from 0 to 20% (Potter et al. 1987; Helmisaari 1992b ). Calcium resorption (10%) is similar to Ostman and Weaver's (1982) estimate of 11.5% for a northern hardwood forest dominated by Quercus prinus L. (chestnut oak), using a method similar to ours (integration of major fluxes of the biochemical cycle in a temporal way). Table 4 shows a comparison of foliar nutrient and leaf litter fall pools at the LCW with data reported for other northern hardwood ecosystems, notably the Huntington Forest (Johnson and Lindberg 1992) , the Turkey Lakes watershed (Johnson and Lindberg 1992) , and the Hubbard Brook Experimental Forest (Likens et al. 1995) . Compared to other northern hardwood stands, the total leaf Ca and Mg pool at our study site is the lowest reported. This is consistent with the low soil Ca and Mg availability at the LCW (Houle et al. 1997) . Differences between foliar and litter fall Ca pools were also higher at our site than in any of the reported studies, suggesting a comparatively higher Ca and Mg resorption rate.
The LCW has low soil Ca availability (Houle et al. 1997) , Table 3 . Annual nutrient requirement (kg·ha -1 ) for foliage production at the Lake Clair Watershed. low leaf Ca concentration (Moore et al. 2000) , and a relatively high resorption rate (this study). Calcium and Mg resorption fluxes are also quantitatively important since they are higher than mineral soil weathering rates, evaluated at 2.4, 0.1, and 0.1 for Ca, K, and Mg, respectively (Houle et al. 1997) . Compared with the Huntington Forest, Turkey Lakes watershed, and the Hubbard Brook ecosystem, Ca is more tightly cycled at LCW. This may lead to a lower dependence on soil as a Ca and Mg source and to reduced nutrient transfer by litter fall.
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